The present article focuses on the study of different physical-mechanical parameters; it presents the results of a preliminary investigation aimed at experimental characterization.
Depth effect on sandstone strength properties
Mining Mineração
The first phase of study considered is the choice of a reference material on which to base the research. This decision must take into account several factors. First of all, the material selected should be representative of materials that will be encountered in the future application of the well drilling. They are highly important for mechanical modelling of hydraulic fractures from drilling, borehole stability and subsidence analyses. Secondly, availability and cost of the material are important aspects to take into consideration when performing the experimental tests. Thirdly, that it be commonly used in that field of interest, so that data and previously obtained results can be found in literature. Sandstone satisfies the first and third requirement.
Sandstone is also important as reservoirs for oil and gas. Sandstones are also important as aquifers for the production of water. Rock often has mechanical prop-erties depending upon the state of stress, lithology, the presence of discontinuities, scale factors and the degree of alteration. As such, the data must reflect not only the mechanical behavior of the intact rock but also the behavior of the rock mass. Instability analysis, the shear strength of the weakest planes is the most important strength parameter.
The drilling of a petroleum well in earth material, these days involves heavy machinery, equipment and tools. The designs of that equipment are carried out to match the strength parameter of the rock mass that the tool is expected to deal with. The characteristics of rock mass vary widely both at local and regional levels.
Herein, a review of rock strength knowledge with particular reference to the resistance of a comprehensive list of known tests has been established.
The descriptions include how these strength property tests were carried out on sandstone samples taken from Hassi Messaoud Well. There is a description of the site geology, the horizon from where the sample was obtained. The laboratory procedures for preparing cores from samples are fully detailed and discussed. The knowledge of the strength of sandstone is important. There are many experimental studies investigating the strength behavior of sandstone (Sheng-Qi et al. 2011; Jerzy 2015; Ngueyep et al 2014; A. Taheri et al 2016; Wong et al. 1997; Wu et al.2000; Klein et al. 2001; Baud et al.2000; Besuelle et al.2000; Tembe et al. 2008; Tsai et al.2008; Huang et al. 2010; Yang and Jiang 2010; .
The principal goal of this study is to investigate the behavior of sandstone under stress and the relationship between five different depths from 4990m to 5015m and certain strength properties such as , uniaxial compressive and triaxial tests, the Young's modulus and the Poisson's Ratio. 
Site and sample details
The Hassi Messaoud (HMD) structure lies approximately 800-km southeast of Algiers, Algeria (Fig.1 ). It is a flattened, broad, oval anticline trending north-northeast to south-southwest, parallel to the major fault zone. It covers almost 2,000 Km² in the Oued Mya basin. The first well, MD1 was drilled in 1956 and more than 1,000 wells have been drilled over the last 40 years.
Figure 1
Hassi Messaoud field location map, Algeria.
A plug of sandstone was obtained from an exploratory well at the Hassi Messaoud field, Algeria). Litho logically the rock is red, medium-grained, weakly cemented sandstone. A sample of the rock was dessaggregated by gentle pressure with a pestle and mortar, taking care not to crush individual grains. The optical microscopy results of the sandstone are shown in Figure 2 . Analysis determined the particle size distribution. They are listed below in the Table 1 Grain size analysis.
The cumulative weight (%) has been plotted against the grain size (Φ mm) in Figure 3 and shows the average fine grain size. Table 2 Mineral composition. 
Preparation of specimens
A diamond impregnated coring barrel was fitted to the drilling and coring machine to produce cylindrical core specimens. For the test, water was used as a cooling agent during the course of coring. Core specimens were extracted from the plug mutually perpendicular to each other.
To ensure that the specimens are right angled, brass cones with internal diameters equal to 25.4mm were used during grinding.
The other specimens were prepared according to the ISRM (1981) recommen-dations. The original core length of 20 m from which the specimens were prepared had a 25.4 mm nominal diameter. The core ends were ground flat and parallel (see Fig.4 ). The diameter and length of each specimen were measured with a vernier to the nearest 0. 01 mm.
Testing equipment and procedure
A cell triaxial rock was used throughout this research to carry out all triaxial compression and uniaxial compression tests on prepared specimens. This machine is automatic, controls the post rupture of specimens, has a capacity of 1000 KN and is capable of controlling any test in three modes: load, displacement and strain. During the triaxial and uniaxial tests, the axial deformation was measured using an axial Linear Variable Differential Transducer (LVDT) and the circumferential deformation with an LVDT attached to a chain wrapped tightly around the specimen. To eliminate the end friction effects (see Mogi 1966; Hawkes and Mellor 1970) , the axial and circumferential LVDT were located in the central part of the specimen, see Figure 5 . 
Testing Procedure
All the tests were conducted by using rock mechanics laboratory equipment of the Sonatrach Research and Development center (CRD / SH), with the collaboration of mineral processing and environmental laboratory at Annaba university, mining department (LAVMINE).
All the triaxial tests were carried out at confining pressures of 0 and 40MPa. Each specimen was placed inside the triaxial cell and the cell was mounted between the platens of the testing machine. The desired confining pressure σ 3 was applied on the surface of the specimen with a hand-pump. The axial stress was applied via a ram passing through a bush in the top of the loading frame.
Axial deformation of the specimens was monitored by an LVDT which was mounted outside the triaxial cell. The strains of the specimens were monitored by the change in amount of confined volume of oil in the triaxial cell which was automatically recorded. Since the volume of oil in the cell is being kept at constant pressure using the available machine, the volume of oil must adjust to compensate the lateral expansion of the specimen. The principal measurements of the axial stress, axial strain, volumetric strain were recorded by the microcomputer connected to the testing machine. The output data were processed by computer with the aid of the rock mechanics software.
Results and discusions

Hydrostatic compression tests
In order to identify the anisotropic behavior of the sandstone, hydrostatic compression tests are generally used. Such tests are ideally conducted on cylindrical samples, allowing the determination of three principal strains regarding the structural framework of rock. However, for the sake of simplicity, only cylindrical samples drilled in the perpendicular orientation were tested. Therefore, the axial strain indicates the deformation in the direction perpendicular to the bedding planes. The evolutions of axial and radial strains are shown in Fig.6 for five values of depth. Observe that the axial strains are much greater than the radial strain for all values of depth which have the same behavior (deformation). This result shows that the sandstone present strains with isotropic deformation properties, Figure 6 . 
Uniaxial and triaxial compression test
This series of tests was carried out on 05 specimens at different depths (4990m to 5010m). The specimens were prepared in the same manner as those used in the triaxial compression tests. Specimens were dried at room temperature more than two weeks prior to testing and tested in that condition.
Tests were carried out at a strain rate of 10-5 s-1, and for each specimen tested, an average value was obtained. The uniaxial compression strength was assumed to be the peak point on the stress-strain curve.
The results of uniaxial and triaxial tests are shown in the form of stress-strain curves. As given in Tables 3, 4 As in the hydrostatic compression tests, the depth enhances the sandstone differences, particularly in the perpendicular direction see Figure 6 .
The results of the experiment presented in Figure 6 show a significant influence of depth on the mechanical behavior of the sandstone. In some cases, the depth leads to strength variation of the sandstone which can be easily observed from data, which show small differences from low confining pressure. Furthermore, in a more classical way, the mechanical behavior of sandstone is affected by confining pressure.
To define the typical stress-strain relationship for rocks, the test is conducted under constant confining pressure pc and a constant axial strain rate. Measurements include the values of axial stress, where in relation to the axial and radial strains, the axial stress is actually the differential (a -pc).
During the initial stages of loading, the rock stiffens at the beginning point. This nonlinear regime is probably due to the closing of preexisting microcracks pervading in the specimen. This particular region of the stressstrain curve is a signature of the stress history undergone by the rock specimen during past geologic time, including the coring process. As the load increases further, the stress-strain curve becomes linear, wherein this portion of the stress-strain curve demonstrates where the rock behavior is nearly elastic. If unloading occurs in this region, the strain returns almost to zero, usually along a different path. This effect is called hysteresis and indicates that some energy dissipates during a cycle of loading and unloading.
When the rock specimen is loaded beyond the point where the rock behavior is nearly elastic, irreversible damage sets in. It is shown by a decrease of the slope of the stress versus radial strain curve (fig 7 and 8) . At this stage, the damage is not seen on the axial strain. Beyond, the axial strain also becomes nonlinear, and large deformations eventually occur. If the rock is unloaded in this region, permanent strains at zero stress are observed. Final stage is the maximum load that the rock can sustain under a given confining pressure.
Stress-Strain diagrams together with volumetric axial-strain diagrams were plotted for the specimen tests and presented in the diagram of the general behavior of specimens under triaxial compression loading (Fig.10) . Table 4 shows the measured peak strength of various tests under confining pressures of 0 and 40 MPa for different depth values.
The volumetric strain is defined as the change in volume with respect to the original specimen volume.
For a triaxial test, the volumetric strain of cylindrical specimen is εa + 2εr, where εa is the axial strain and εr is radial strain.
As shown in Figures 9 and 10 , the volumetric strain versus axial stress can reverse its trend upon reaching a peak after that axial stress increases with decreasing volumetric strain.
The dilatation is responsible for the nonlinearity that is observed in the radial strain and consequently in the variation of volume. This is due either to the creation of tensile cracks that propagate in a direction parallel to the axis of loading as shown in Fig.11 or to frictional sliding along rough surfaces and grains. Soft rocks under confining pressure could show a decrease in volume instead of an increase because of compaction. This is typical of mid-sandstones. Compaction in cohesive rocks requires the destruction of cohesion, which could create a sanding problem during production.
Finally, if the framework of elastoplasticity is used, the peak of radial strain is the initial yield point. If the nonelastic component of the variation of volume is negative, the rock is dilatant; otherwise, the rock is compactant. Brittle rocks and ductile rocks must also be differentiated. Brittle rocks are characterized by failure prior to large non-elastic deformation, as seen in Figures 7 and 8 .
These behaviors, however, are functions not only of rock type but also of confining pressure, loading rate and depth, with a general transition from brittle to ductile behavior with an increase in confining pressure, increase in depth and decrease in loading rate.
Figure 9
Volumetric strains during uniaxial compression tests with different values of depth.
Figure 10
Volumetric strains during triaxial compression tests with different values of depth.
Failure mechanism of the tested rock specimens
Damage mechanism has always been an interesting topic to figure out how solid materials fail by fracturing and cracking. Identifying crack development through laboratory tests would improve our understanding of the real failure process in practice (Geranmayeh et al. 2018 ,Yang et al. 2015 , Youn et al 2010 , Eberhardt, 1998 .
The failure modes of the tested sandstone are presented in Fig. 11 . This figure demonstrates the crack that generated the failure of the specimen; in all the cases, the failure is produced by shearing and the failure crack has a specific inclination, with respect to the axis of the specimen, which depends on the confinement pressure. The observed failure patterns of the specimens revealed that all specimen failures followed the same mechanism.
Figure 11
Appearance of specimens after testing.
Effects of depth on the strength properties
In this research, we study the effect of depth on the strength properties from the uniaxial compressive and triaxial tests. The Young's modulus and Poisson Ratio have been plotted against each other and the results are shown in different tables and Figures 12, 13 and 14 .
From statistical analyses, there is no correlation that can be seen in the figures, and this can be explained by the fact that there is sandstone heterogeneity and occurrence of clay with reference to sample 5000m.
The variation in the strength of these rocks can be easily observed from the data of the UCS and triaxail test given in Tables 3 and 4 . Figure 12 shows a plot of UCS and triaxial data versus depth. The UCS data is scattered between 58.83 and 98.98 Mpa.
The maximum stress of triaxial strength increases from 191.57 Mpa for depths of 4990m to 321.99Mpa at a depth of 4995 and decreases from 321.99Mpa to 104.28 for a depth of 5000m. This is caused by the non-homogeneity of the specimens, which exhibit a high clay content illustrated in Figure 12 .
Poisson's ratio increased from 0.11 to 0.2 for depths of 4990 to 4995 and decreased from 0.2 to 0.14 for depths of 5000m to 5005m. This is caused by the presence of clay in the sample, Figure 13 . Table 3 Experimental values of UCS strength for different depth. There is a general tendency for the elastic modulus and Poisson's ratio to increase with an increasing depth for different values (5000m to 5010m) indicating a definite relationship in the plot shown in Figure 14 .
Conclusions
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In this study, the main conclusions, which can be drawn, are as follows:
• It was found that plugs of sandstone rather than cores gave the required physic-mechanical properties and demonstrated the required physico-mechanical properties. This confirms the use of plugs from the core barrel of an exploration borehole as an acceptable practice.
• This study involved: the optical microscopy of sandstone, the particle size distribution analysis, the uniaxial and triaxial compressive strength, stress strain behavior, the Young's modulus, and the Poisson ratio.
• The mechanical properties and failure modes of strength for rock specimens with different depth were studied. The effects of depth on the strength behavior of sandstone have been investigated; the results obtained confirm that the sandstone presents a strong dependency on confining pressure. As a consequence, the Young Modulus increases (5000m to 5010m) with the increase of depth, while being more sensitive to confining pressure.
• The sandstone failure mode was also influenced by compaction and expansion, leading to a more pronounced transition from brittle to ductile behavior.
It is recommended that field tests be carried out on a sandstone exposure and results matched with that of laboratory tests on a specimen prepared from same exposure.
